studies of the domestic cat have contributed to many scientific advances, including the present understanding of the mammalian cerebral cortex. A practical capability for cat transgenesis is needed to realize the distinctive potential of research on this neurobehaviorally complex, accessible species for advancing human and feline health. For example, humans and cats are afflicted with pandemic Aids lentiviruses that are susceptible to species-specific restriction factors. here we introduced genes encoding such a factor, rhesus macaque trimcyp, and eGFP, into the cat germline. the method establishes gamete-targeted transgenesis for the first time in a carnivore. We observed uniformly transgenic outcomes, widespread expression, no mosaicism and no F1 silencing. trimcyp transgenic cat lymphocytes resisted feline immunodeficiency virus replication. this capability to experimentally manipulate the genome of an Aids-susceptible species can be used to test the potential of restriction factors for hiV gene therapy and to build models of other infectious and noninfectious diseases.
Felis catus has been domesticated for over 9,000 years and presently numbers 0.5-1.0 billion worldwide. Medical surveillance of this most common companion animal is extensive, and over 250 hereditary pathologies common to both cats and humans are known 1 . The F. catus genome was recently sequenced at light (1.9×) coverage and a 10× assembly is imminent 2 . Over 90% of identified cat genes have a human homolog, and compared with the mouse there are fewer genomic rearrangements. Intermediate size, prolific breeding capacity, similarity of systems to humans, abundance, modest costs and the neurobehavioral complexity of a Carnivoran make the cat of value in experimental settings ranging from neurobiology to diverse genetic, ophthalmologic and infectious diseases. These include conditions in which mice or rats are not useful on the basis of disease susceptibility, organ size or other factors 1 . Cat transgenesis is thus of interest for both human and cat health research and potentially for developing ways to confer protection from epidemic pathogens to free-ranging feline species, all 36 of which now face the threat of extinction 3 .
The world has two AIDS pandemics, one in domestic cats and the other in humans. The causative lentiviruses, feline immunodeficiency virus (FIV) and HIV-1, are highly similar in genome structure, disease manifestations and host cell dependency factor use 4, 5 . The differences between these lentiviruses are also informative and potentially exploitable. For example, species-specific lentiviral restriction factors such as TRIM and APOBEC3 proteins 6 restrict FIV and HIV-1 with distinctive patterns [7] [8] [9] [10] . These genes have not been studied in a controlled manner at the systemic and species levels by introduction into the genome of an AIDS virus-susceptible species (Old World primates or felids). Given the challenges inherent to macaque transgenesis, the AIDS virus-susceptible cat would be singularly positioned for such studies if it can be accessed by genetic approaches used in mice. In contrast to primates, feline species lack antiviral TRIM5α genes 11 but have potently restrictive APOBEC3 proteins 9, 10 , which sets up intriguing possibilities for testing such genes at the whole-animal level, for conferring gene-based immunity with them or engineered variants 12, 13 , and potentially for HIV-1 disease model development 10 .
To realize the potential of the species for virology and nonvirology models, a means for practical cat genome modification is needed. Somatic cell nuclear transfer (SCNT) was recently used to generate cats that express fluorescent proteins 14, 15 . However, the efficiency of animal cloning is extremely low 16 , and SCNT results in faulty epigenetic reprogramming in most embryos 17 . Cloned mammals with apparently normal gross anatomy can have many abnormalities resulting from failure to erase and reprogram epigenetic memory completely 17 .
The two key approaches for generating transgenic mice are DNA injection into fertilized embryo pronuclei and injection of genetically modified embryonic stem cell (ESC) lines into blastocysts. However, in nonrodent mammals, pronuclear injection is very inefficient, and the second method is blocked by the lack of germline-competent ESCs. Transgenesis with germline transmission has been achieved in some mammals by microinjecting lentiviral vectors into oocytes or single-cell zygotes 18 . This has not been achieved in any carnivore species. Here we performed oocyte-targeted lentiviral transgenesis in the domestic cat. results multi-transgenic, nonmosaic cat embryo generation We optimized reagents, gamete collection, microinjection parameters, embryo culture and recipient queen preparation to establish an optimal cat transgenesis protocol (Fig. 1a) . We obtained gametes from both sexes without additional animal procedures by microdissecting gonads discarded after spaying or neutering.
In experiments summarized in Supplementary Table 1 , we subjected 195 in vitro-matured grade I and II domestic cat oocytes to perivitelline space microinjection (PVSMI) with lentiviral vector TSinG 5 ; we performed injection 10-12 h before or 10-12 h after in vitro fertilization (IVF) (Supplementary Fig. 1 ). Then we cultured these embryos until blastocyst stage (day 7). Comparisons of embryo development rates (Supplementary Tables 1 and 2 ) and enhanced GFP (referred to as GFP throughout) expression (Fig. 1b) showed that transgenesis rates were high (>75%) and the process was well tolerated, as cleavage and blastocyst formation rates did not differ substantially between PVSMI and control embryos (Supplementary Table 1 ). There were no differences in morphology or total cell number and no preference for vector injection timing before or after IVF (Supplementary Table 1) . However, mosaicism scored by nonuniform fluorescent protein expression in the blastocyst was negligible when we injected vectors before IVF but was substantial with injection after IVF (Supplementary Table 1) .
To investigate whether more than one transgene could be expressed in cat embryos in a single step by PVSMI, we microinjected 418 oocytes with single-or dual-transgene lentiviral vectors. Transgene assemblages were genes encoding GFP, GFP plus RFP, or GFP plus rhesus macaque TRIMCyp ( Supplementary  Fig. 1 ). The latter combination was expressed from either a dual promoter or as a single 2A peptide-linked preprotein. After microinjection we performed IVF with cat sperm 10 h later. We consistently observed embryo-pervasive, abundant expression of both proteins encoded by dual gene vectors in cat blastocysts when we injected lentiviral vector before IVF (Fig. 1b and  Supplementary Table 2) . We observed no detrimental effects of dual expression on embryo development or GFP expression irrespective of transgene combination (Supplementary Table 2 ). In addition, the 2A peptide or the dual promoter were each effective for simultaneous expression.
Generation of GFP and restriction factor transgenic cats
The process from oocyte collection to fallopian tube transfer took 3-4 d (Fig. 1a) . We randomly selected embryos for implantation from cleaved oocytes that had been subjected to IVF and transferred them into surgically exposed fallopian tubes at 48-72 h after lentiviral vector transduction. We carried out no preselection for transgene expression after microinjection (embryos were in any case not reliably fluorescent by the time of transfer). We performed transfers into hormonally synchronized queens prepared by a 14-10 h light-dark environment. We administered to queens pregnant mare serum gonadotropin on day -4 and human chorionic gonadrotropin on day -1 with respect to lentiviral vector transduction, and mated them ad lib from the day of human chorionic gonadrotropin injection until the day before embryo transfer with a vasectomized, azoospermia-verified tomcat to induce ovulation and corpus luteum formation. During surgery we punctured follicles with a needle if not naturally ovulated.
Twenty-two embryo-transfer procedures resulted in five pregnancies (labeled A-E), five births and three live kittens ( Table 1) . We achieved a high rate of transgenesis, with 10 of 11 testable live-born or fetal offspring found to be transgenic (a twelfth, spontaneously miscarried 10 d preterm, was consumed by the surrogate mother and could not be tested). Three male and two female transgenic cats, named TgCat1-5, were born by spontaneous vaginal deliveries at term and all five were transgenic (Fig. 2, Table 1 and Supplementary Fig. 2 ). TgCat1 (male), TgCat2 (male) and TgCat3 (female) survived, whereas the fourth and fifth cats died perinatally from obstetrical complications ( Table 1 ). TgCats1-3 were vigorous from birth, fed, played, developed and socialized normally and were healthy, with the exception that TgCat2 is unilaterally cryptorchid. He also has intermittent pruritic dermatitis, which may be due to a food allergy. In the first year he developed a ventral abdominal hernia and a lower eyelid irritation (entropion), both of which we cured surgically. Although we cannot exclude vector-insertion genotoxicity in TgCat2, the conditions do not constitute a recognizable syndrome.
Southern blotting on restriction enzyme-digested genomic DNA from the three living transgenic kittens, from TgCat4 and from four miscarried fetuses showed that all eight were transgenic, with 6-12 insertions per cat (Fig. 2b) . PCR assays on genomic DNA confirmed the high level of genomic transduction (Fig. 2c) . Southern blot hybridization bands were specific, as all were (i) absent from control cat DNA, (ii) different from cat to cat and (iii) of greater than the predicted minimum size determined by the distance from restriction site to end of the vector provirus ( Fig. 2b) . Sequencing of proviral genomic DNA junctions (n = 4) from two cats was performed and each was a bona fide retroviral integration junction, with the genomic sequences mapping to the cat genome (Supplementary Table 3 ).
transgene expression and phenotypes
TgCat3, in which transgene expression was driven by the standard (0.52-kilobase) human cytomegalovirus (hCMV) promoter of vector TSinT2AG, was brightly and stably green fluorescent in integument and oropharyngeal mucosa surfaces (Fig. 2a) , but surface tissue expression was less bright for TgCat1 and TgCat2 (vector TBDmGpT). For the live kittens, we collected cells for protein analyses by oral mucosa scrapings (which showed GFP-expressing squamous epithelial cells), and blood and semen collection. Both transgenes were expressed in activated peripheral blood mononuclear cells (PBMCs) but with notable variation (Fig. 3a,b) . Percentages of GFP-positive cells as determined by FACS were 15-80% in TgCat1, TgCat2 and TgCat3 and increased gradually as the kittens aged (Fig. 3b,c) . TgCat2 had the most GFPpositive cells in the PBMC compartment, being about 65% GFPpositive early in life and then over 70-75% later (Fig. 3a-c and  Supplementary Fig. 3 ). Several specific aspects here are interesting for developing models that will depend on lymphocyte or monocyte lineage expression. First, irrespective of promoter used, FACS and immunoblot detection of GFP and rhTRIMCyp in PBMCs in living cats required activation by phytohemagglutin-E (PHA-E) and interleukin 2 (IL-2), and GFP expression increased steadily with time in culture (Fig. 3c) . Fluorescence intensity was variable ( Fig. 3b and Supplementary Fig. 3a) . Second, driving GFP expression from a minimal CMV (mCMV) promoter element adjacent to the PGK promoter was effective in TgCat2, but we observed only low GFP expression with the same vector in TgCat1, although even in this cat GFP expression increased steadily from rare positives to 14.8% by 20 months (Fig. 3b,c) . Third, all three cats expressed hemagglutinin epitope (HA)-tagged rhTRIMCyp in the bulk PBMC population as detected by immunoblotting (Fig. 3a) . TgCat1 consistently expressed more rhTRIMCyp than the other two living cats by quantitative western blot analysis. However, this protein was more difficult to detect than GFP, and was clearly visualized by immunofluorescence, using an antibody to the HA tag, in only a fraction of the cells (Supplementary Fig. 3 ). Even so, rhTRIMCyp transgenic cat PBMCs displayed resistance to FIV replication, with the greatest resistance to replication seen in cells from the cat that expressed the most rhTRIMCyp (TgCat1; Fig. 3d) . The resistance to FIV replication was partial, as predicted for cell populations that express such a restriction factor partially 19 .
Fertility, germline transmission and F1 transgene expression
Washed swim-up purified sperm from the two males had normal motility and strongly expressed the transgene as determined by PCR (Fig. 4) . Consistent with this result and with the lack of embryo mosaicism when IVF was done after vector microinjection (Supplementary Table 1 ) germline transmission was readily achieved by direct mating, with all progeny being transgenic. Therefore, the transgenesis procedure preserves fertility, and the germline is transduced. Transgene expression persisted in the F1 offspring of transgenic F0 parents, indicating that silencing did not occur (Fig. 4) . Matings of TgCat1 with three nontransgenic queens produced five additional kittens from three pregnancies. Similar to the sire, they were less surface green-fluorescent but were strongly 'PCR-and Southern blot-positive' (data not shown); of these one died perinatally owing to dystocia T g P r e 1 T g P r e 2 T g P r e 3 T g P r e 4 TgCat4
Ndel Ndel associated with a hypocontractile uterus. Thus, all F1 cats were transgenic; 8 of 9 were alive and healthy.
Whole-body analyses show widespread gene expression
TgCat4 was born after an uncomplicated singleton pregnancy at a normal gestation time (65 d). It was morphologically normal but died during or shortly after parturition from an apparent obstetrical accident involving aspiration, although a precise cause could not be determined at autopsy. This cat provided the opportunity to study all tissues (Fig. 5a) . Detailed organ examination and histology did not identify abnormalities. TgCat4 is the product of an oocyte transduced by the TSinG vector, in which GFP was driven by the hCMV promoter, and had ~10 vector insertions (Fig. 5) .
As was TgCat3, the kitten was brightly green fluorescent in fur and skin, and immunoblotting revealed abundant GFP expression in all tissues tested: brain, spinal cord, heart, spleen, skin, muscle, liver, kidney, small intestine and stomach ( Fig. 5a and Supplementary  Fig. 4) . Solid viscera were visibly green fluorescent at the gross level, as were adipose tissues (for example, all omental and pericardial fat) and antibody labeling of fixed tissue showed uniform expression in all cells (Fig. 5c) . When fresh tissue was sectioned and imaged directly for GFP by epifluorescence microscopy, pervasive expression was similarly evident (Fig. 5d) .
A fourth pregnancy (C; Table 1 ), for which we identified five well-formed, appropriately sized fetal skeletons by X-ray analysis at day 45 of gestation ( Supplementary Fig. 2d ), ended in serial miscarriages between days 51 and 53 (~10 d before term). We recovered four of these preterm cats (named TgPre1-4; Table 1 ) for gross and molecular autopsy. Dissection did not identify birth defects. As for TgCat1-4, Southern blotting showed that TgPre1-4 were each amply transgenic, with 10-13 genomic TSinG vector insertions (Fig. 5b) and GFP expression was similarly found in all tissues tested (Fig. 5a,c) . We also probed rhTRIMCyp expression (Supplementary Fig. 5 ) using organs from a cat that was stillborn after a placental abruption (Table 1 ; TgCat5), and observed that rhTRIMCyp expression was similarly widespread, including in the main lymphoid organs (lymph node, thymus and spleen). Consistent with the immunoblotting data, tissues of individual organs were green fluorescent at the gross level. FACS of fetal PBMCs from TgPre1-4 showed that 74-100% were GFP-positive (Fig. 5e) . Southern blots of genomic DNA from the products of non-singleton pregnancies (Figs. 2b and 5b) , showed also that each was the genetically unique product of a different transduced oocyte, and none were a product of twinning after transduction.
discussion
Our results indicate that transgenic cats may be used as experimental animals for biomedical research. The approach enables transgenesis by germ cell genetic modification for the first time in this species and in any carnivore. Notably, we achieved uniformly transgenic outcomes, which reduce screening cost and time. A second implication of the high efficiency and the copy numbers achieved is that it should be possible to titrate vector dose down or to microinject a mix of vectors into one oocyte to produce complex multi-transgenics. The approach is accessible: feline oocytes competent for efficient transgenesis are readily obtained noninvasively and without added animal procedures from ovaries discarded during routine spaying (laparoscopic or ultrasound-guided percutaneous oocyte retrieval is also feasible). In vitro blastocyst development rates were higher than had been seen previously with SCNT-developed transgenic embryos (19-20% versus 3%) 14 . We prevented mosaicism by microinjection before IVF and observed germline transmission. The persistence of transgene expression in F1 cats is encouraging for establishing useful transgenic lines. The lack of multiple inbred strains of cat, a current limitation, could be addressed in a focused breeding project.
Introducing a lentiviral restriction factor(s) into the genome of the cat has specific potential because this species is naturally susceptible to lentiviral infection (and AIDS) whereas mice, unmodified or transgenic, are not. Several questions can therefore now be addressed. First, it is unknown whether introducing a single active restriction factor into the genome of an AIDS virus-susceptible species can protect it, and if so, at which of three broadly considered levels: transmission, establishment of sustained viremia and disease development. When antiviral genes are interrogated at the whole animal level by transgenesis in a natural host, results can be surprising and informative. For example, a recent transgenic intervention against influenza in chickens prevented secondary virus transmission to transgenic and nontransgenic contacts, but it had no effect on mortality after primary virus challenge 20 . Because species-specific lentiviral restriction factors have not been tested by controlled experimental introduction into an animal, the most fundamental question directly answerable with the approach is whether restriction factor transgenesis can mimic natural experiments that normally take place over large expanses of evolutionary time, with selection by viral culling, and render a species genetically immune to its own lentivirus. It is not possible to make clear predictions. For example, there are natural macaque and sootey mangabey TRIM5 alleles that do not block simian immunodeficiency virus transmission to animals that carry them but appear to constrain extent of replication in vivo and to exert selection pressure on the capsid 21 . When breeding expansion is completed with our present restriction factor transgenic cats, FIV challenges can be done.
Whether or not more than one restriction factor will be needed to achieve antiviral protection, the concept of using them for this purpose in gene therapy has stimulated efforts to devise non-immunogenic human and feline versions 12, 13 . Both of these recently bioengineered TRIMCyps restrict FIV and can be tested in our system. Indeed, FIV is unique among lentiviruses in being restricted by both Old and New World monkey TRIMCyps. We speculate that feline transgenesis with host defense molecules could also confer protection from viral pathogens to wild feline species, all of which face accelerating extinction threats and which are among the most charismatic, ecosystem-iconic taxa in the Carnivora.
Cat transgenesis could have additional impact. As we recently proposed, the domestic cat may have potential for modeling HIV-1 disease itself because, except for entry receptors, the cat genome can supply the dependency factors needed for HIV-1 replication 10 . This is a fundamental difference compared to the mouse 22 . Gene knockdowns and targeting are foreseeable by combining our approach with current technologies. Furthermore, transgenesis in this accessible, abundant species with intermediate size and complex neurobehavioral repertoire will permit other human-relevant models in areas such as neurobiology, where the cat is already a paramount model. Studies in the cat have revealed much of the present knowledge on organization of the mammalian brain, in particular the visual cortex [23] [24] [25] [26] [27] ; work in this area has been critical to unraveling the neural mechanisms of vision. Although transgenesis in this species will not be as common as in rodents, the creation of a small number of lines with genetic tools could build on the large knowledge base in the species to dramatically alter capability for understanding the cerebral cortex.
Transgenic mice have many advantages, but fundamental differences with human physiology limit their utility in many ways. Many diseases cannot be modeled in mice or rats, with size alone being sometimes intrinsically limiting. Transgenesis has been performed in marmosets 28 , and, so far without demonstrated germline transmission, in macaques 29 . These two primate models have clear promise, but limitations arise from scarcity, expense, longer gestation times and, for macaques, prolonged time to sexual maturity (4-8 years) and the requirement to shield handlers from casually transmitted cercopithecine herpesvirus 1. For the purpose of AIDS-relevant work, New World monkeys such as marmosets are not susceptible to any lentivirus.
Even with a generic viral promoter we observed transgene expression in 16 of 16 cat organs tested. We observed rhTRIMCyp expression in the main AIDS-relevant lymphoid tissues (lymph node, spleen and thymus). Mature circulating hematopoietic lineages have notoriously specialized transcriptional environments, but 15-80% of PBMCs in the living cats were GFP-positive in culture. Variation may reflect genome positional effects. Whereas tissue-specific or alternative promoter or enhancer elements can be used, cats with partial PBMC expression profiles also provide a good experimental opportunity because they allow the question of virus-mediated cell lineage selection in vivo 30 to be addressed, modeling a realistic cell-based therapy situation, for example, gene therapy for HIV-1 disease. One important issue is whether FIV infection will result in long-term selection of a virus-refractory lymphocyte population as has been observed in nonobese diabetic severe combined immune deficiency (NOD-SCID) IL2Rγ null mice transplanted with CCR5 −/− human CD34 cells 30 . Conversely, if systemic viral replication occurs, we can determine whether escape mutations arise. methods Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemethods/.
Note: Supplementary information is available on the Nature Methods website.
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